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ABSTRACT 


An  analysis  of  the  M-16  rifle  barrel  dimensions  and  dispersion  was 
conducted.  Dispersion  prediction  equations  were  obtained  using  several 
categories  of  dimensional  data.  A  discriminating  procedure  was  developed 
suitable  for  use  by  field  troops  to  separate  barrels  with  "acceptable" 
dispersion  from  those  "not  acceptable".  Depth-of-muzzle-penetration  by 
the  erosion  gage  was  selected  as  the  discriminating  variable.  A  brief 
discussion  contrasts  the  widely  used  Extreme-Spread  dispersion  statistic 
with  the  more  efficient,  and  slightly  more  troublesome,  Figure-of-Merit 
statistic. 
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I.  Introduction 

This  study  was  Initiated  as  part  of  an  effort  to  investigate  reports 
of  Inadequate  accuracy  of  certain  M16  rifles  in  Viet  Nam.  The  barrels  on 
suspect  weapons  passed  the  existing  depth-of  breech-penetration-by- 
eroslon-gage  criterion  but  were  noted  to  have  enlarged  muzzles.  These 
facts  prompted  a  "sample-measure-fire"  program  of  M16  rifle  barrels  at 
the  U.  S.  Army  Weapons  Command.  This  report  presents  an  analysis  of 
dispersion  and  dimensional  data  obtained  under  this  program. 

This  study  purports  to  treat  only  the  dispersion  (round-to-round 
variation)  aspects  of  accuracy.  Characteristics  which  .contribute  to 
aiming  (bias)  errors  (e.g.,  bent  barrel,  loose  sight,  etc.)  were  not 
addressed  in  this  phase  of  the  effort.  In  addition,  the  environment  and 
local  maintenance  procedures  will  be  considered  peculiar  to  Viet  Nam. 
Conclusions  should  not  be  extended  to  the  total  population  of  M16  rifles. 
With  these  caveats,  the  study  objectives  were: 

1.  identify  barrel  physical  characteristics  highly  correlated 
with  dispersion, 

2.  develop  an  equation  to  predict  dispersion  as  a  function  of 
barrel  physical  characteristics, 

3.  develop  a  discriminating  procedure,  suitable  for  use  by  field 
troops,  to  separate  barrels  with  "acceptable"  dispersion 
characteristics  from  those  "not  acceptable". 

The  first  and  second  objectives  were  to  provide  the  engineers  with  an 
empirical  basis  for  the  formulation  of  theories  on  factors  contributing  to 
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disperaion  and  the  initiation  of  possible  corrective  action.  Objective  3 
was  to  provide  an  easy-to-apply  criterion  for  immediate  field  use. 

Details  considering  sample  selection,  dimensional  data,  and  firing 
procedures  will  be  published  in  a  separate  Technical  Note  by  the  USAWECOM 
Research  &  Engineering  Directorate.  This  information  will,  however,  be 
summarized  in  this  report. 
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II.  Sample 

Data  Sources 

A  sample  of  125  barrels  was  obtained  during  the  course  of  the  study 
according  to  dispersion  or  dimensional  characteristics  of  interest  or  to 
furnish  a  basis  for  comparison  with  other  weapons  in  the  sample.  They 
do  not  constitute  a  random  sample  from  a  population  of  interest.  The 
following  is  a  list  of  the  barrel  sources  in  order  of  entry  into  this 
study: 

1.  Initial  Sample  -  Nineteen  barrels  were  selected  from  a  combat 
infantry  division.  The  characteristic  of  interest  in  this  selection  was 
erosion  gage  penetration  of  the  muzzle. 

2.  Twenty-Nine  US  Marine  Corps  Weapons  -  The  chambers  of  these  barrels 
were  re-chromed  at  Rock  Island  Arsenal  due  to  wear  from  use  in  Viet  Nam. 

They  were  selected  as  weapons  which  have  been  used  in  the  field  but  were 
thought  to  have  acceptable  dispersion  characteristics  and,  thus,  serve  as 

a  basis  for  comparison  with  the  previous  rifles. 

3.  Ten  Endurance  Weapons  -  These  weapons  fired  6000  rounds  during 
the  endurance  test  of  new  production  rifles.  Firing  was  done  under  favor¬ 
able  environmental  conditions  and  maintenance  procedures.  Poor  dispersion 
characteristics  produced  by  environment  and/or  maintenance  was  expected  to 
appear  in  comparison  with  these  weapons. 

4.  Six  new  barrels. 

5.  Sixty-One  barrels  were  requested  of  the  field  with  the  characteristic 
that  muzzle  penetration  of  the  erosion  gage  was  at  least  1/8".  These  barrels 
originated  from  three  US  Army  Divisions  which  will  be  designated  A,  B  and  C. 
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Measurement  Data 

The  barrel  dimensions  measured  In  this  study  were  selected  by  smaU 
arms  experts  of  the  US  Army  Weapons  Command  Research  &  Engineering 
Directorate  as  critical  factors  which  may  be  related  to  dispersion. 

Table  1  presents  a  description  of  the  measurements  and  the  precision  of 
the  readings.  The  pitting  factor  entered  the  study  at  the  suggestion 
of  Laurence  Moore  (AMSWE-REE)  who  estimated  the  pitting  factor  for  each 
barrel.  The  pitting  factor  is  a  numerical  expedient  which  categorizes 
no,  light,  moderate,  and  heavy  pitting  as  0,  1,  2,  3  or  4  respectively. 
Mr.  Moore  wrote  the  pitting  criteria  contained  in  Appendix  A.  These 
criteria  are  not  to  be  considered  complete,  but  rather  to  illustrate 
the  category  characteristics  and  serve  as  a  guide  for  further  definition. 

TABLE  1 

Measurement  Tolerance 


a. 

erosion  gage  penetration 
into  muzzle 

nearest 

1/16 

inch 

b. 

erosion  gage  penetration  into 
breech,  including  barrel  extension 

nearest 

1/16 

inch 

c. 

diameter  1/16"  into  muzzle 

nearest 

.0001 

inch 

d. 

diameter  1/2"  into  muzzle 

nearest 

.0001 

inch 

e. 

* 

pitting  factor  -  0  no  pitting 

1  light  pitting 

2  moderate  pitting 

3  heavy  pitting 

f. 

** 

diameter  bore 

nearest 

.0001 

inch 

g- 

diameter  groove 

nearest 

.0001 

inch 

.These 

estimates  were  made  by  Mr.  Laurence  Moore 

of  AMSWE- 

•REE. 

These  measurements  were  taken  at  0.2"  intervals  from  muzzle  for  the  first 
inch,  1.0"  increments  in  the  interval  (1",  17"). 
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Maasurements  a  through  a  (Tabla  1)  entered  eha  study  dlractly. 
TV os«  maaauramants  of  bora  and  groova  diameters  which  were  taken  In  the 
region  penetrated  by  the  erosion  gaga  were  excluded.  This  Involved  only 
a  few  measurements  near  the  muxxlc,  a  region  described  by  measurements 
a,  c,  and  d.  The  measurements  are  graphically  displayed  In  Fig.  1. 


Figure  1.  Schematic  of  Barrel  Measurements 
(See  Table  1) 

Measurements  f  and  g  were  summarized  by  a  smaller  number  of 
statistics.  Maximum  and  minimum  values  and  maximum  variability  In  these 
measurements  were  assumed  to  be  the  significant  statistics  from  previous 
experience  with  these  types  of  data,  Ref.  1.  The  bore  and  groove  statis¬ 
tics  which  entered  the  analysis  were: 

a.  maximum  bore  diameter 

b.  minimum  bore  diameter 

c.  maximum  bore-sample-standard-deviation*103,  e 

d.  maximum  groove  diameter 

e.  minimum  groove  diameter 

f.  maximum  groove-sample-standard-deviation  >103,  o _ _ 

groove 

(Note  the  maximum  sample  standard  deviation  was  used,  when  more  than  one 


bore/groove  was  measured.) 
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Measurements  f  and  g  were  cakan  only  on  Cha  initial  sample  which 
consisted  of  the  first  four  enumerated  sources.  They  vara  not  taken  on 
barrels  in  the  last  aourca.  This  was  due  to  the  difficulty  of  obtaining 
these  measurements  and  because  of  conclusions  derived  from  the  initial 
sample. 

Diapers ion  Data 

Dispersion  data  wara  obtained  by  firing  each  sample  barrel  at  the 
Rock  Island  Arsenal  100  meter  Indoor  firing  range.  Five  ten-shot  targets 
were  fired  from  each  barrel.  Ball  ammunition,  from  the  same  lot,  was  used 
throughout  firing. 

Each  barrel  was  defouled  prior  to  obtaining  the  data  set  used  in  this 
study.  An  analysis  of  barrels  before  and  after  defoullng  was  made  for  the 
Initial  Sample.  A  slight  reduction  in  average  dispersion  was  observed, 
but  the  effect  appeared  of  secondary  importance.  Further  consideration  of 
fouling  (gilding  metal  and  tracer  deposits)  should  include  some  measure  of 
"degree-of-foullng"  as  an  interaction  between  foullng-plttlng  and  dispersion 
has  been  hypothesised.1 

T - 

Consider  the  following  conjectures  by  Laurence  Moore,  AMSWE-REE: 

1.  An  unfouled,  heavily  pitted  barrel  may  cause  changes  in  bullet 
configuration  which  would  tend  to  Increase  dispersion. 

2.  Initial  stages  of  fouling  may  fill  or  coat  the  pits.  This 
would  act  to  decrease  roughing  and  therefore  tend  to  decrease 
dispersion. 

3.  Continued  fouling  may  cause  formations  of  "hills"  on  pit  edges. 
These  obstacles  could  cause  deformation  of  the  bullet  with 
resulting  dispersion  Increases. 

The  above  is  conjecture  and  testing  of  the  effects  of  fouling  is  planned  by 
the  US  Army  Weapons  Command  Research  and  Engineering  Directorate. 
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Five  fouling  shots  were  flrsd  prior  to  commencement  of  dispersion  firing. 
The  same  armorer,  receiver,  and  firing  stand  were  used  throughout  the 
study.  These  variables  were  not  addressed,  but  assumed  of  secondary 
Importance  to  variables  considered. 

The  measurement  and  dispersion  statistics  obtained  for  each  barrel 
are  presented  In  Appendix  B  according  to  barrel  source.  A  plot  of  the 
observed  dispersion  Is  presented  in  Figure  2  according  to  source.  The 
Intent  of  the  field  sources  In  obtaining  their  sample  is  not  clear. 
Division  C  may  have  sought  the  worst  barrels  with  the  specified  1/8" 
penetration,  but  Division  A  could  have  made  a  random  sample  with  the 
specified  constraint,  etc.  Although  the  dispersion  data  from  these 
sources  overlap,  the  mean  values  and  variability  appear  different. 

Dispersion  Statistics 

Let  the  horizontal  and  vertical  coordinates  of  the  center  of  the  ith 
bullet-hole  be  x  ,  y^,  respectively.  Then,  the  two  statistics  used  in 
this  study  are  defined  as: 

1.  Extreme  Spread  (ES)  ■  max[(x.  -  x  )*  +  (y  -  y  )2\^^ 

i.J  J  3 

(i.e.,  maximum  distance  between  holes) 

2.  Figure-of-Merit  (FOM)  *  [maxlx^  -  x  j  +  max|y^  -  y^\]/2 

i,j  3  h,k 

i» J  *h,k  ■  1 , 10 

(i.e.,  arithmetic  average  of  extreme  horizontal  and  extreme 
vertical  spreads) 

The  FOM  statistic  is  slightly  more  troublesome  to  obtain  but  is  a  more 


efficient  statistic. 
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Assume,  for  a  moment,  that  the  shot  pattern  is  circular  normal  with 

a  m  o  ■  a.  Then,  for  ten  shot  targets, 
x  y 

A 

E[ES]  -  3.77 a  (Ref  2) 

("average  ES") 

Var[ES]  -  .555a2 

(These  values  were  based  on  200  Monte-Carlo  trials.) 

E [FOM]  -  E[(ESx  +  ES  )/2] 

-  E[ESx] 

-  3.077a  (Ref  3) 

Var [FOM]  -  V[ESx]/2 
-  .318a2 

Defining  relative  efficiency  of  unbiased  statistics  as  the  ratio  of 
their  variances  (Ref  4)  we  find  that  the  estimated  efficiency  of  the  FOM 
statistic  is  1.75  times  that  of  the  ES  statistic.  Consider  next  that  a 
sample  of  five  targets  is  measured  for  FOM  and  another  sample  of  size 
is  measured  for  the  ES  statistic.  Setting  the  variances  of  the  averaged 
statistics  equal  we  have 

Var  FOM  -  Var  ES 
. 318a2 /'5  *  .555a2/N^ 

N  »  8.75 
2 

Therefore,  nine  targets  fired  and  measured  for  ES  would  yield  slightly 
more  information  than  five  targets  measured  for  FOM  while  eight  targets 
would  yield  less. 

The  above  permits  an  estimate  of  the  relationship  between  expected 


values  of  the  statistics  ES  and  FOM: 
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E [FOM]  *  3.077a 

-  3.077  E[ES]/3. 77 

-  .816  E[ES] 

This  relationship  was  also  empirically  estimated  from  the  firing  data. 
Computing  for  the  "ith"  barrel,  the  statistic  for  the  5-target  sample, 

x^  •  fom^  /  es^  (ratio  of  observed  averages) 

and  for  the  125  barrel  sample  the  statistic 

x  -  Zx^/125 
-  .787. 

We  have 

E  I’FOMj  *=  .  787  E  [ES  j . 

This  analysis  points  up  the  distribution  difficulties  which  will  be 
encountered  in  the  regression.  The  dependent  variable,  FOM,  is  non-normal 
(trom  Ret.  5,  a  gamma  distribution  would  be  a  good  approximation),  and  the 
variance  is  proportional  to  the  square  of  the  mean.  The  usual  test  pro¬ 
cedures  and  Gauss-Markov  Theorem  are  not  applicable.  Reference  6  suggests 
the  use  or  the  logarithm  of  the  observations  in  this  situation  to  obtain 
a  mote  constant  variance,  lhe  least  square  computations  will  be  performed 
for  both  rOM  and  LnFOM. 

The  current  field-dispersion-criterion  status  that  an  acceptable 
weapon  shali  fire  ten-shot  groups  with  an  extreme-spread  not  greater  than 
7"  at  a  range  of  100  yards.  This  scales  (linearly)  to  a  7.7"  criterion 
at  i00  meters.  This  requirement  will  be  reinterpreted  as:  the  weapon 
shall  tire  an  extreme-spread  not  greater  than  7.7"  at  100  meters  with 
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probability  at  least  0.90.  This  change  in  interpretation  stemmed  from 
the  assumption  of  an  underlying  bivariate-normal  distribution.  This 
assumption  implies  that  a  positive  probability  exists  for  exceeding  any 
specified  extreme-spread.  The  reinterpreted  criterion  states  this  proba¬ 
bility  shall  be  less  than  0.10.  Estimates  for  ten-shot  groups  are: 

P[  ~  <  4.7]  -  .90,  (Ref  2) 

setting  4.7c  ■  7.7  we  obtain 
o  *  1.63. 

A 

Using  E[ES]  ■  3.77a  we  obtain 
E[ES]  s  6.1. 

Thus,  barrel  dispersion  will  be  Judged  acceptable  if  the  average  ES,  ES 
is  less  than  6.1".  Using  the  estimated  E[F0Mj  *  .816  E[ES],  this  is 
equivalent  to  an  E[FOMj  of  5.0". 

Ill .  Analysis 

The  technique  used  to  develop  the  dispersion  prediction  equations  is 
called  stepwise  regression,  see  Ref.  7.  This  technique  selects  variables 
one  at  a  time  from  the  proposed  set  of  independent  variables  for  inclusion 
into  the  prediction  equation.  The  first  variable  selected  is  the  one  most 
highly  correlated  with  dispersion  (the  dependent  variable).  The  second 
variable  selected  is  the  one  most  highly  correlated  with  dispersion,  after 
allowing  for  the  effect  of  the  first,  etc.  A  variable  may  be  deleted  if 
its  contribution  to  prediction  is  made  superfluous  by  more  recently  entered 
variables.  Addition  and  deletion  continues  until  a  specified  level  of 
signal/noise,  F,  is  encountered. 
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Several  regressions  were  executed  to  Illuminate  different  aspects 
of  the  data. 

Regression  Number  1 

The  purpose  of  the  regressions  performed  under  this  section  was  the 
simultaneous  analysis  of  all  the  measurement  statistics.  Therefore,  the 
sample  used  was  that  subset  of  all  observations  (63  obs.)  with  bore  and 
groove  measurements.  These  data  were  obtained  from  the  first  four  enum¬ 
erated  sources. 

Table  2  presents  the  list  of  variables  entered  into  the  analysis  and 

the  variable  regression-identification-number.  Since  the  total  number  of 

interaction  terms  was  considered  unwieldy  ,  only  those  involving  °bore 

and  o  were  considered  in  this  regression.  These  variables  appear 

groove  °  r 

to  tie  the  bore  and  groove  measurements  most  strongly  to  dispersion. 
Additional  interaction  terms  will  be  subsequently  considered.  The  esti¬ 
mated  means,  variances  and  correlations  of  the  variables,  are  presented 
in  Appendix  C. 

Table  3  presents  a  list  of  variables  whose  sample  correlations,  with 
dispersion,  are  greater  than  0.5.  Pitting,  muzzle  enlargement  and  factors 
involving  bore  or  groove  variability  show  high  correlations  with  dispersion. 
Pitting  appears  to  be  strongly  correlated  with  muzzle  diameter  (Var.  3), 
and  maximum  standard  deviation  of  bore  measurements  (see  Appendix  C) .  The 
former  correlation  is  not  as  strong  when  the  total  sample  is  considered. 
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No. 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 


TABLE  2 

Variable 

Independent  Variables 
erosion  gage  penetration  of  muzzle 
erosion  gage  penetration  of  breech 
diameter  bore,  1/16"  into  muzzle 
diameter  bore,  1/2"  into  muzzle 
maximum  groove  diameter 

(  "  )2 
minimum  groove  diameter 

(  "  )2 

maximum  sample  standard-deviation  of  groove  measurements 


( 


maximum  bore  diameter 


)' 


< 


)‘ 


minimum  bore  diameter 


( 


)2 


maximum  sample  standard-devlatloc  of  bore  measurements 


< 

pitting  factor 
(  "  )2 

maximum  groove-minimum  groove,  No.  5  -  No.  7 
maximum  bore-minimum  bore,  No.  12  -  No.  13 
standard  deviation  groove  (No.  9),  x  No.  1 
(  "  ) ,  x  No.  2 

(  "  ) ,  x  No.  3 

(  "  ) ,  x  No.  17 

standard  deviation  bore  (No.  15),  x  No.  1 
(  "  ),  x  No.  2 

(  "  ) ,  x  No.  3 

(  "  ),  x  No.  17 

Dependent  Variables 
figure-of-Merit,  (FOM) 

Natural  Log  FOM,  (LnFOM) 


y 
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TABLE  3  Regression  No.  1 

Strong  Variable-Dispersion  (Ln  FOM)  Sample  Correlations 

Var.  Sample  Correlations  With  Dispersion 

No.  Greater  Than  0.5 


1 

.53 

3 

00 

4 

.59 

11 

.69 

12 

.69 

17 

00 

18 

.90 

9 

.65 

15 

.79 

16 

.79 

20 

.55 

21 

.68 

22 

.62 

23 

.65 

24 

.85 

25 

.68 

26 

.78 

27 

.80 

muzzle  penetration 


muzzle  enlargement 


maximum  bore  diameter 


pitting 


factors  involving  bore/groove  variability 


/ 


* 


28 


.89 
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The  first  set  of  regression  equations  was  synthesized  using  a  low 
signal/noise  ratio  (F  *  1.0)  for  selection  and  rejection  of  variables. 
Prediction  equations  were  obtained  for  Ln  FOM  and  FOM  and  are  presented 
in  Table  4.  Only  the  Ln  FOM  prediction  equation  will  be  examined  for 
reasons  discussed  under  Dispersion  Statistics;  Ln  FOM  will  be  treated 
as  a  normal  variable. 

The  first  examination  of  the  equation  concerned  "lack-of-f it" ;  does 
the  residual  (.differences  between  predicted  and  observed  values)  mean- 
square  provide  an  unbiased  estimate  of  the  variance  of  Ln  FOM  (assumed 
constant).  True  repeat  observations  were  not  available  but  the  new- 
barrels  exhibited  small  perturbations  about  their  mean  measurement 
values  and  were  used  as  repeats.  The  residual-mean-square  of  the  Ln  FOM 
prediction  equation  was  decomposed  into  that  portion  due  to  the  new- 
barrels  (pure  error)  and  the  remainder  (lack-o£-£it) .  Table  5  presents 
the  ANOVA  table  and  the  sample  F  statistic.  No  lack-of-f it  is  indi¬ 
cated  and  the  tesidual-mean-square  will  be  used  to  estimate  Var  (Ln  FOMj.o*. 

The  Ln  FOM  equation  is  now  examined  for  significance  of  the  variables 
with  respect  to  predicting,  power.  Table  6  presents  each  variable  ordered 
as  to  entry  into  the  equation.  The  F  value  represents  the  additional 
predicting  power  due  to  the  variable  inclusion.  These  values  are  com¬ 
pared  to  4xF  ,(1.54)  =  11.15.  (The  multiplier,  4,  was  tentatively 
proposed  in  Ref.  7.)  Only  the  first  two  entries  tested  significant. 

The  equation  utilizing  these  two  variables  is  presented  in  Table  7 
together  with  a  corresponding  FOM  prediction  equation.  The  residuals  are 
graphically  presented  in  Appendix  C.  Note  the  apparent  Increase  in 
residual  dispersion  with  predicted  FOM. 
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TABLE  4 


Regression  1  Prediction  Equations  (F  *  1.0) 
D  ■  Bq  +  BjXj+  B2X2  +  •••  + 

D  -  Ln  FOM 
h  ■  8 


1 

(entry  order) 

1 

2 

3 

4 

5 

6 

7 

8 

Residual  Root-Mean-Square 


18 

25 

27 
7 

12 

28 
15 
13 

-  .200 
D  =  FOM 
h  -  5 


1 

2 

3 

4 

5 

6 
7 


24  entered 
25 
18 
1 

24  rejected 
4 
7 


.2077 

.5341 

183.0 

171.9 

-1531. 

-  1.496 

-  35.02 
511.5 


3*7.52 


7648 
-  6.9>n 


-1153. 

1134. 


Residual  Root-Mean-Square  *  1.68 
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TABLE  5 
ANOVA 


Lack-of-fit 

of  Ln 

FOM  Prediction 

Equation  (F  ■ 

1.0) 

Source 

df 

SS 

MS 

F 

Total  (corrected) 

62 

22.570 

0.jC4 

Regression 

3 

19.665 

Residual 

59 

2.905 

.0492 

Lack-of-fit 

54 

2.782 

.0515 

2.1 

"Pure  Error" 

5 

.122 

.0245 

F  90(54,5)  >  2.1 


TABLE  6 
ANOVA 

Additional  Regression  Sums-of-Squares  Ln  FOM  Prediction 


Order  of 
Entry 


Variable  Additional  F 

Regression  (o2  •  .04) 

Sum-of-Squares 


1 

18 

18.229 

455.72 

2 

25 

1.387 

34.68 

3 

27 

.255 

6.38 

4 

7 

.094 

2.35 

5 

12 

.104 

2.60 

6 

28 

.126 

3.15 

7 

15 

.086 

2.15 

8 

13 

.132 

3.30 

4  x  F  o- (1,54) 

-  11.15 

* 


Significant 
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TABLE  7 

Regression  1  Prediction  Equations 

Ln  FOM  ■  1.153  +  .1309  x  Pitting2  +  1.034  •  o,  •  Muzzle  Penetration 

bore 

6  ...  -  .22 

residual 

Multiple  Correlation  Coefficient  «  .93 


FOM  ■  2.777  +  7.027  •  a  •  Pitting  +  9.508  •  o,  •  Muzzle  Penetration 

groove  bore 

Residual  Root-Mean-Square  •  2.18 

Multiple  Correlation  Coefficient  «  .90 

An  additional  run  was  made  to  evaluate  the  effects  of  the  sample 
origin  (e.g.,  climate,  maintenance,  etc.).  Dummy  variables  .cere  intro¬ 
duced  whicn  took  numerical  values  to  indicate  the  observation  source. 

No  increase  in  predicting  power  was  obtained. 

The  significant  variables  in  our  prediction  equations  are  pitting, 
maximum  bore,  and  maximum  groove  variation.  Unfortunately,  these  measure¬ 
ments  are  not  easily  obtained. 

Regression  Number  2 

Bore  ard  groove  measurements  were  not  considered  in  this  phase  of  the 
analysis:  all  125  observations  were  used.  The  remaining  measurements  com¬ 
prise  an  easier  to  obtain  set  than  that  in  Regression  1.  The  variable  list 
is  presented  in  Table  8  and  is  seen  to  include  all  second  order  terms. 
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Sample  means,  standard  deviations  and  correlations  are  presented  In 
Appendix  D. 

A  list  of  the  variables  in  Regression  No.  2  which  show  strong 
correlations  with  dispersion  (Ln  FOM)  are  presented  in  Table  9.  The 
predominance  of  pitting  and  enlarged  bore  is  clear.  These  variables 
appear  strongly  correlated  (p  -  .70,  Appendix  C) .  Equations  were  syn¬ 
thesized  from  the  total  list  of  variables  for  a  F  ■  1.0  criterion; 
these  equations  are  presented  ln  Table  10.  The  contribution  to  Ln  FOM 
prediction  of  each 'additional  term  in  the  equation  was  computed  using 
the  estimate  of  o2  obtained  in  Regression  No.  1.  Again  only  the  first 
two  entries  tested  significant,  see  Table  11. 

The  equation  using  these  variables  is  presented  in  Table  12  together 
with  a  corresponding  FOM  equation.  The  large  residual-mean-square  of 
this  equation  is  significantly  larger  than  the  estimate  of  a2  obtained 
in  Regression  No.  1  indicating  bias  in  the  equation 

(F  gj(122,54)  >  (residual  M.S.  Reg.  No.  2 )/o2  -  2.62). 

Plots  of  residuals  versus  predicted  dispersion  statistics  are  presented 
in  Appendix  D. 

The  significant  variables  are  pitting  and  tbs  bore  diameters  taken 
1/16"  and  1/2"  into  the  muzzle. 


-20- 


No. 

1 

2 

3 

4 

5 

6 

7 

8 
9 


TABLE  8 

Regression  No.  2  Variable  List 

Independent  Variable 

erosion  gage  penetration  of  muzzle 
(  "  )2 

erosion  gage  penetration  of  breech 

2 

(  "  ) 

diameter  bore,  1/16"  into  muzzle 
(  "  )2 
diameter  bore,  1/2"  into  muzzle 


( 

pitting  factor 


)‘ 


10 

( 

tt 

)Z 

11 

No. 

1 

X 

No. 

3 

12 

No. 

1 

X 

No. 

5 

13 

No. 

1 

X 

No. 

7 

14 

No. 

1 

X 

No. 

9 

15 

No. 

3 

X 

No. 

5 

16 

No. 

3 

X 

No. 

7 

17 

No. 

3 

X 

No. 

9 

18 

No. 

5 

X 

Nc. 

7 

19 

No. 

5 

X 

No. 

9 

20 

No. 

7 

X 

No. 

9 

Dependent  Variable 

21  Figure-of-Merit  (FOM) 

22  Natural  Log  FOM  (Ln  FOM) 
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TABLE  9 

Regression  No.  2  (n  -  125) 

Strong  Variable-Dispersion  Sample  Correlations 
Variable  No.  Sample  Correlation  Greater  Than  0.5 


1 

.53 

-  penetration  muzzle 

5,6 

.81 

muzzle  diameter  1/16" 

7,8 

.65 

muzzle  diameter  1/2" 

9,10 

.73 

pitting 

11,12,13 

.53 

interactions  Involving  muzzle  penetrations 

14 

.56 

17 

.74 

pitting  interactions 

18 

.81 

19,20 


.73 
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TABLE  10 

Regression  No.  2  Prediction  Equations  (F  ■  1.0) 


D  -  B0  +  BjXj  +  B2X2  +  + 


1 

D  -  Ln  FOM 

k  *  7 

x., 

B, 

i 

i 

0 

-22.37 

1 

18 

496.2 

2 

10 

.1235 

3 

2 

-  .1443 

4 

11 

.2292 

5 

20 

-  2.488 

6 

4 

-  .05511 

7 

_  17 

.1233 

Residual 

Root-Mean-Square  =  .2853 

0 

D  -  FOM 

k  °  7 

33.87 

6(entered) 

— 

1 

10 

1.116 

2 

19 

-10.85 

3 

18 

3142. 

6(deleted) 

— 

4 

2 

-2.005 

5 

12 

27.21 

6 

14 

1.758 

7 

_  8 

-3775. 

Residual 

Root-Mean-Square  =  2.80 
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TABLE  11 
ANOVA 


Additional  Regression  Sums-of-Squares 


Order  of 

Entry 

Variable 

Additional 

Regression 

Sums-of-Squares 

F 

(a2  from  Regression  1) 

1 

18 

31.926 

798.15* 

2 

10 

3.559 

88.98* 

3 

2 

.3152 

7.88 

4 

11 

2.355 

58. 891 

5 

20 

.0229 

.57 

6 

4 

.1514 

3.79 

7 

4  •  F  qs(l,54)  - 

*  . 
Significant 

17 

■  11.15 

.1393 

3.48 

^Hlgh  F  value  due  to  numerical  procedures  caused  by  high  sample 
correlation  of  variables  2  and  11. 

TABLE  12 

Regression  2  Prediction  Equations 

Ln  FOM  -  -29.71  +  639.1  (dla.  @  l/2")(dia.  @  1/16")  +  .06693  pitting2 
Residual  Root-Mean-Square  -  .3237 
Multiple  Correlation  Coefficient  ■  .86 

FOM  -  -128.6  +  2709.  (dla.  <?  1/2")2  +  .6843  pitting2 
Residual  Root-Mean-Square  -  3.25 
Multiple  Correlation  Coefficient  -  .81 
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Regresslon  Number  3 

The  dispersion  statistics  were  regressed  on  powers  of  depth-of- 
erosion-gage-penetration  of  the  muzzle.  The  purpose  of  this  run  was  to 
illustrate  the  rather  poor  predicting  power  obtained  using  only  this 
variable  and  introduce  its  use  as  a  discriminator.  The  variable  list 
is  presented  in  Table  13,  the  means,  variances  and  correlation  matrix 
in  Appendix  D.  The  high  correlations  between  successive  powers  of 
muzzle  penetration  generated  numerical  problems  which  lead  to  poor 
estimates  of  the  coefficients.  These  numerical  problems  could  be 
resolved,  and  together  with  the  elimination  of  certain  outlying  obser¬ 
vations,  a  much  better  predicting  equation  could  be  obtained.  However, 
the  resultant  equation  would  still  be  poor  by  comparison  with  those 
obtained  in  the  previous  regressions  so  the  effort  was  not  made. 
Therefore,  only  the  equation  using  the  linear  term  is  presented. 

Figure  3  is  a  plot  of  the  regression  equation,  predicting  Ln  FOM,  and 
a  plot  of  the  observations.  Heavily  pitted  observations  are  distin- 
quished  by  an  "X"  character.  The  plot  illustrates  that  all  heavily 
pitted  weapons  had  muzzle  penetration  measurements  at  least  1/4".  Al¬ 
though  muzzle  penetration  is  not  a  good  dispersion  predictor,  it  may  be 
a  satisfactory  discriminator. 
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TABLE  13 

Regression  No.  3  Variable  List 

No.  Independent  Variable 

1  erosion  gage  penetration  of  muzzle 

2  (  "  )2 

3  (  "  )3 

4  (  "  )4 

5  (  "  )5 

Dependent  Variable 

6  Figure-of-Merit  (FOM) 

7  Natural  Log  FOM  (Ln  FOM) 

Discriminant  Analysis 

A  prime  objective  of  this  study  was  to  provide  a  measurement  criterion 
for  discriminating  between  barrels  with  acceptable  dispersion  and  those  not 
acceptable.  Field  implementation  constrain  the  type  of  equipment  and 
therefore  the  number  and  precision  of  the  measurements.  The  only  measure¬ 
ments  in  the  feasible  category  are  the  depths  of  penetration  of  the 
erosion  gage.  Pitting  is  not  currently  feasible  due  to  lack  of  adequate 
bore  viewing  devices  (i.e.,  inexpensive  and  rugged),  universal  pitting 
criteria  and  trained  cadre.  Pitting  alone  would  be  a  good  filter  for 
eliminating  the  extremely  poor  dispersion  barrels.  Almost  all  (there  was 
one  exception)  barrels  judged  to  have  heavy  pitting  generated  large  FOM. 
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(A  test  is  in  progress  at  USAWECOM  in  which  heavy  to  moderate  pitting  is 
being  chemically  induced  in  new  barrels.  Preliminary  results  indicate 
significant  increases  in  dispersion.) 

Criteria  currently  exists  for  rejecting  barrels  based  on  depth  of 
erosion  gage  penetration  into  the  breech.  The  field  criterion  is: 
reject  if  penetration  >  3.625 
accept  if  penetration  <  3.625 

Therefore,  our  field  sample  was  censored  b/  this  critenon;  only  twelve 
field  weapons  had  penetration  greater  than  three  inches.  The  low  sample 
correlation  between  FOM  and  breech  penetration  (K  *  .33)  indicates  that 
in  this  censored  population  breech  penetration  would  be  a  poor  choice 
for  a  discriminant  function.  Since  breech  penetration  is  said  to  be 
highly  correlated  with  the  number  of  rounds  fired  through  the  barrel, 
(Ref.  9  contains  data  and  conclusions  but  lacks  analysis),  we  note  that 
many  poor  dispersion  barrels  do  not  appear  to  have  been  fired  extensively 
(e.g.  ,  9540,  9608,  Appendix  E) .  Compared  with  the  endurance  barrels,  a 
guess  at  the  total  maximum  number  of  rounds  tired  by  a  sample  barrel 
would  be  in  the  neighborhood  of  7000.  The  remaining  candidate  is 
erosion  gage  penetration  of  the  muzzle. 

Most  current  techniques  for  developing  discriminant  functions  depend 
on  random  samples  from  the  categories  to  be  discriminated.  This  sample 
is  not  random  and  these  techniques  are  inappropriate  The  following 
techniques  are  proposed;  only  those  barrels  with  a  history  of  Viet  Nam 
service  were  considered.  The  ES  statistic  was  used  in  the  following 
analysis  with  a  discriminating  value  of  6.14". 
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A  simple  approach  to  the  problem  was  to  consider  the  possible  errors 
at  each  judgment: 

1.  reject  a  good  barrel,  or 

2.  accept  a  bad  barrel. 

The  distribution  of  "good"  and  "bad"  barrels  is  unknown,  so  the  probability 
of  a  Type  1  (Type  2)  error  conditioned  on  the  "goodness"  ("badness")  of 
the  barrel  will  be  considered.  A  reasonable  assumption  is  that  these  con¬ 
ditional  probabilities  are  monotonic  functions  of  the  depth  of  muzzle 
penetration;  one  decreasing  the  ocher  increasing.  The  penetration  at 
which  the  curves  intersect  represents  a  decision  point  expressing  equal 
concern  for  each  error.  The  sample  data  was  used  to  estimate: 

1.  P [penetration  '■»  d/"good"  barrel] 

2.  P [penetration  <  d/"bad"  barrel] 

for  penetration  depths,  d  =  x/16",  x  =  1,2,..., 8,  (measurements  precision 
was  t  1/32").  These  values  are  plotted  in  Fig.  4  together  with  95  percent 
confidence  intervals  about  each  estimate,  in  the  range  of  interest. 
"Eyeball"  curves  are  sketched  through  the  estimated  probabilities;  inter¬ 
section  appears  to  take  place  at  about  1/4".  However,  the  Intersection 
of  the  confidence  intervals  indicates  values  3/16"  and  5/16"  should  also 
be  considered.  An  unpublished  analysis  performed  by  the  Project  Manager 
M16  Rifle  Office  indicated  a  5/16"  penetration  criterion  was  satisfactory. 
The  hypothesis  of  "no-difference-in-error-probabilities"  tests  significant 
around  the  a  ■  .04  level  for  the  5/16"  criterion.  The  following  approach 
is  a  technique  for  deciding  between  a  1/4"  and  a  5/16"  criterion. 
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Deflne  the  random  variables: 

0  muzzle  penetration  <  1/4" 

Y  - 

1  muzzle  penetration  >  1/4" 

0  muzzle  penetration  <  5/16" 

Z  - 

1  muzzle  penetration  >  5/16" 

0  acceptable  dispersion 

0  * 

1  not  acceptable  dispersion 

decision  function: 

0  accept  barrel  if  S  «  0 

D(S)  - 

1  reject  barrel  if  S  -  1 

loss  function: 

A, :  D  «  1,  0  -  0 

L(D,0)  -  A  ;  D  -  0,  0-1 

0  otherwise 

So  Jlj  is  a  measure  of  loss  incurred  in  rejecting  a  "good"  barrel  and 
« 

i  is  the  loss  in  accepting  a  "bad"  barrel.  Let  D  *  depth  of  erosion 


gage  penetration. 


r 
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E[L(D(Y)  ,6)  ]  *  2  P[Y  *  1,  6  =  0]  +  2  P[Y  =  0,  6  =  1] 

1  t 

E[L(D(Y),6)  -  L(D(Z) ,  0)  ]  -  i^PlY  -  1,  6  -  0]  -  P[Z  -  1,  9  ■  0]} 

+  *2(P[Y  «  0,  6  -  1]  -  P[2  *  0,  6  *  1)} 

-  x.  P [1/4  <  D  *  5/16,  6  -  0] 

-  l2  P [1/4  <  D  <  5/16,  b  -  1] 

-  I  P [1/4  <  D  <  5/16,  6*0} 

-  x2{P[l/4  ^  D  <  5/16]  -  P [i/4  <  D  ^  5/16,  6*0]} 

-  U,+2jP[l/4  <  D  ■■  5/16,  6*0]  -2  P [1/4  -  D  5/16) 

-  (l.+x.)P[6  -  0 1 1/4  <•  D  <  5/16]  •  P[l/4  <"  D  <  5/16] 

4  £  ^ 

-  2  P [1/4  <•  D  c  5/16] 

c  - 

*  P [1/4  '  D  -  5/ 16] { (x  +x  )P[o  *  0  j 1/4  <  D  '  5/16]  -  l.i. 

“  .  i  <■ 

Ihus,  the  decision  function  DfY;  is  preferred  if 
P [ 6  -  0  j  1/4  <  D  •'  5/16]  •  1  /(i.+x  ), 

“  ”  C  »  4 

otherwise  choose  D(Z).  Futtmg  x.  *  2  ,  2  /(.i.*x  )  *  0.5.  The  available 

4  *.  •  C 

data  yields 

F  [  6  *  0 1 1  /’ 4  ■'  D  ^  5/16]  *  .28 

P{.04  -  P[6  -  0 1 1/ 4  •  D  -  5/16]  .58)  *  .95. 

The  "best"  estimate  of  the  probability  is  less  than  0.5,  indicating  D(Y)  is 
preferred;  however,  the  need  for  additional  aata  is  indicated  as  the  con¬ 


fidence  interval  Includes  0.5. 


T 
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IV.  Conclusions 

Dispersion  prediction  equations  have  been  synthesized  from  a  set  of 
barrel  measurements.  The  best  equation  obtained  predicts  log  FOM  with  a 
multiple  correlation  coefficient  of  .93  (i.e.,  87%  of  the  variability  is 
contained  in  the  prediction  equation) .  Caution  in  the  use  of  the  equation 
is  urged  due  to  sample  sources  used  in  obtaining  data.  (These  sources 
were:  new,  endurance  fired,  US  Marine  Corps,  and  one  US  Army  Division.) 
Although  explicit  designation  of  sample  source  did  not  increase  the 
predicting  power  of  the  equation,  source  was  somewhat  implicit  in  the 
ranges  of  dispersion  values  observed. 

The  additional  sample  data  overlapped  the  previous  in  dispersion 
ranges.  A  prediction  equation  utilizing  the  total  sample,  but  without 
bore  and  groove  measurements,  was  obtained.  This  equation  does  not  "appear" 
to  have  the  predicting  power  of  the  first,  but  the  sample  was  taken  over 
more  varied  sources  and  the  measurements  are  easier  to  obtain. 

The  variables  highly  correlated  with  dispersion  and  significant  pre¬ 
dictors  in  the  regression  equations  were  bore  and  groove  variation, 
pitting  and  muzzle  enlargement.  Arguments  can  be  developed  assigning 
barrel  diameter  variation,  pitting  and  uneven  muzzle  wear  as  factors 
which  contribute  to  dispersion. 

The  barrels  obtained  from  Viet  Nam  were  censored  by  an  erosion-gage- 
penetration-of-breech  criterion.  Breech  penetration  is  correlated  with 
rounds  fired,  so  the  criterion  is  based  on  use.  As  use  does  not  appear 
strongly  in  the  sample  (due  to  censoring)  maintenance  and/or  climate 
factors  are  hypothesized  as  leading  to  short  barrel  life. 
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Only  erosion-gage-penetration-of-muzzle  is  a  currently  feasible 
field  discriminating  variable.  The  criterion  discriminating  acceptable 
and  unacceptable  barrels  was  shown  to  be  contained  in  the  set  (3/16", 
1/4",  5/16")  with  high  probability.  Two  techniques  were  utilized  to 
estimate  the  point  when  rejecting  good  barrels  was  of  the  same  concern 
as  accepting  bad  barrels.  The  two  techniques  chose  1/4"  as  the  most 
likely  candidate.  Additional  data  is  required  for  more  precision. 

Both  analyses  dealt  with  conditional  probabilities,  e.g., 

P [penetration  <  X  |  barrel  is  good].  An  estimate  of  expected  number 
of  errors  when  applying  a  penetration  criterion  cannot  be  made  until 
an  estimate  of  penetration  distribution  is  obtained. 
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Notes  on  Visual  Inspection  of  Rifle  Barrels 
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27  October  i970 

NOTES  ON  VISUAL  INSPECTION  OP  RIFLE  BARRELS 


1.  The  Office  of  the  Product  Manager,  Rifle*  requested  that  Mr.  Moore 
visually  inspect  M16A1  rifle  barrels  at  Rock  Island  Arsenal  and  in 
Viet  Korn  during  August  and  September  1970.  Visual  inspection  is  an 
effective  means  for  observing  bore  deficiencies  and  especially  those 
caused  by  rusting.  However,  observations  made  on  visual  inspections 
depend  on  the  inspecting  conditions  (light  intensity,  magnification, 
etc.)  and  the  experience  of  the  inspector,  and  therefore  visual  standards 
are  relatively  imprecise. 

The  procedure  used  in  these  inspections  was  to  first  assure  that 
the  bore  surface  was  free  of  loos*  dirt  and  fouling.  A  cotton  patch 
was  passed  through  the  bore  and,  if  the  bore  surface  was  not  free  of 
dirt  ud  fouling,  o  brass  brush  was  passed  through  the  bore  several 
tunes  and  another  patch  was  used.  The  bore  was  Inspected  first  without 
•.vgnifiertion  and  then  with  r  3X  magnifier. 

B  dly  bent,  bulged  and  pitted  bores  can  be  observed  without 
magnification.  Magnlf icatlon  is  helpful  for  inspecting  imperfections 
in  the  bore  surface  and  especially  for  determining  the  degree  of 
pitting.  Moat  M16A1  barrel#  inspected  were  pitted  most  aeverly  in 
the  flrat  few  lnchea  from  the  murrle  and  therefore  the  moat  severely 
pitted  area  could  be  lnapected  readily  with  a  magnifier. 

’’i.  Pitting  ie  difficult  to  categorize  because  of  the  manner  in  which 
it  develops.  Should  rusting  occur  uniformly  over  the  entire  bore 
nurface  as  would  be  expected  if  a  rifle  were  fired  and  left  uncleaned 
and  protected,  the  entire  surface  will  become  pitted  with  time.  The 
depth  of  pit  will  determine  the  severity.  Htwever,  should  the  bore 
be  protected  somewhat  by  a  preservative  or  metal  fouling,  the  rusting 
will  not  occur  uniformly  over  the  surface  and  greater  ‘judgment  is 
required  to  determine  the  category  of  pitting.  It  is  unlikely  that 
two  barrels  would  be  pitted  in  exactly  the  lame  manner  under  field 
conditions  and  therefore  an  infinite  ouad>er  of  bore  conditions  is 
possible.  In  this  exercise  three  categories  were  used  to  describe 
the  pitted  bores  but  a  considerable  variation  in  pitting  characteristics 
is  possible  within  a  category. 

5.  In  this  exercise  the  category  of  pitting  was  baaed  on  the  moat 
heavily  pitted  area.  The  depth  and  extent  of  the  pits  were  considered. 

/  description  of  the  categories  of  pitting  follows: 

a.  Light  pitting  was  observed  without  magnification  as  a  dull 
surface.  When  observed  with  a  magnification  of  3X  it  was  seen  as 
a  roughness  of  the  surface  cr  a  number  of  depressions  which  did  not 
cover  more  than  25  per  cent  of  the  bore  surface  in  the  most  heavily 
pitted  area. 
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b.  Medium  pitting  was  observed  without  magnification  as  a  dull  to 
dar1'  surface.  When  observed  with  magnification  the  surface  was  seen 
.-b  r  number  of  depressions  having  significant  depth  which,  in  the  most 
heavily  pitted  area,  covered  over  25  per  cent  of  the  bore  surface 

but  which  did  not  form  an  area  greater  than  1/4  inch  in  length  which 
was  pitted  conp lately. 

c.  Heavy  pitting  was  observed  without  magnification  as  a  darh 
surface.  When  observed  with  magnification,  the  most  heavily  pitted 
area  was  seen  as  a  large  number  of  depressions  having  significant 
depth  and  which  covered  an  area  greater  than  1/4  inch  in  length  in 
which  none  of  the  original  bore  aurface  remained. 


L.  F.  MOORE 

Systema-Anmunltioii  Coordinator 
R6J5  Directorate 
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APPENDIX  B 

Sample  Measurement  and  Dispersion  Statistics 
Comments  on  Data 

a.  Barrel  No.  1  from  category  I  was  sectioned  for  analysis  before 
bore  and  groove  measurements  were  obtained. 

b.  Barrels  2  thru  19  were  measured  along  two  grooves  (g)  and  one 
bore  (f). 

c.  Barrels  with  ID  number  5XXX  were  measured  along  two  bores  and 
two  grooves. 

d.  Bore  and  groove  measurements  were  not  obtained  on  the  remaining 
barrels. 

e.  A  value  .2258  was  the  largest  groove  diameter  recorded  by  the 

air  gage  and  so  was  used  as  a  reading  when  the  gage  capability  was  exceeded. 
A  value  of  .2210  was  the  theoretical  and  observed  maximum  bore  diameter 
recorded. 

f.  All  measurements  in  inches  except  pitting,  sigma  bore  and  sigma 

groove.  These  last  two  are  statistics,  have  been  measured  in  inches,  then 
3 
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APPENDIX  E 


Regression  No.  3  Stetistics 
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An  analysis  of  the  M-16  rifle  barrel  diaenslons  and  dispersion  was  conducted. 
Dispersion  prediction  equatlona  were  obtained  using  several  categories  of 
dimensional  data.  A  discriminating  procedure  was  developed  suitable  for  use 
by  field  troops  to  separate  barrels  with  "acceptable"  dispersion  from  those 
"not  acceptable”.  Depth-of-muzcle-penetratlon  by  the  erosion  Rage  was 
selected  as  the  discriminating  variable.  A  brief  discussion  contrasts  the 
widely  used  Extreme-Spread  dispersion  statistic  with  the  more  efficient,  and 
slightly  more  troublesome,  Flgure-of-Merit  statistic. 
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